Familial Adenomatous Polyposis (FAP) results from a germline mutation in the APC gene. A new mutation rate of 4 -9610 76 mutations/gametes/generation has been reported. In other familial cancer syndromes a bias for paternal origin of new mutations has been described. This bias is probably due to a larger number of cell divisions during spermatogenesis compared to oogenesis; giving a larger susceptibility for mutagenesis. We report here a molecular genetic analysis of 26 FAP patients with putative de novo APC mutations. In 15 families the novel origin of the mutations was confirmed by haplotyping and sequencing. Analysis of 10 of these mutations, in which the parental origin could be established, gave a 6 : 4 distribution in favour of maternal origin. This is in agreement with a 1 : 1 distribution and does not indicate an expected paternal bias. Moreover, no parental age effect was identified. We propose that APC germline mutations are not premeiotic events but more likely arise during the meiosis. This would give an equal susceptibility for mutagenesis during spermatogenesis and oogenesis, respectively. The model is in concordance with the previously established difference between APC somatic mutations, as being a mitotic event and APC germline mutations, as being a meiotic event. The confirmation of 15 de novo mutations by a molecular genetic approach is in fine agreement with previous results based on clinical records.
Introduction
Familial Adenomatous Polyposis (FAP) is a predisposition to colorectal cancer and other malignancies inherited in an autosomal dominant mode. The estimated birth frequency in Scandinavia is approximately 1 : 13 500 -1 : 21 500. 1 -3 The main clinical feature of the disease is the development of numerous polyps (adenomas) in the colon and rectum and the penetrance is close to 100% at age 40 years. Without surgical intervention most patients would die from colorectal adenocarcinoma before the age of 40 -50 years. Extracolonic manifestations are frequently observed and include upper gastrointestinal tumours, osteomas, epidermoid cysts, desmoid tumours and congenital hypertrophy of the retinal epithelium. FAP exhibits variable expression with marked inter-and intrafamilial variation.
FAP is caused by germline mutations in the tumour suppressor gene Adenomatous Polyposis Coli (APC, OMIM 175100), which maps to chromosome 5q21 and was identified by a positional cloning approach in 1991. 4 -7 The APC gene product is a 2843-amino acid polypeptide, which is suggested to repress expression of the c-MYC oncogene by binding and degrading b-catenin. 8 The mutation spectrum is very heterogeneous, with hundreds of different mutations scattered primarily throughout the 5' region of the 8.5-kb large coding region. The majority of these mutations are chain-terminating mutations resulting in truncated APC proteins (review in The present study presents the results of molecular analysis of families in which FAP apparently is caused by a new mutation. To our knowledge this is the first molecular genetic analysis of a larger group of APC de novo mutations. In 88% of the informative families presence of a new mutation was confirmed. The parental origin of the new mutation was established in 10 of the families and showed no evidence of an expected paternal bias. This could indicate that the event leading to the APC germline mutations happens during meiosis and not during mitotic replications prior to the meiosis.
Materials and Methods

Patients and families
The Danish Polyposis Register was established in 1971. The register included 508 patients with histologically verified polyposis in 165 families diagnosed during the period 1.1.1910 to 1.8.2001 . We included all families (n=26) from the register with (a) an identified APC germline mutation and (b) a family history compatible with a new mutation. In seven families the affected individual had not reproduced, and in five families both parents died. From the identified 26 families blood samples from all available first-degree relatives of the affected individual(s) (n=102) were selected for direct sequencing and haplotyping. Information on the parental age at birth was extracted from the Danish Polyposis Register.
Mutation analysis DNA was extracted from venous blood using QIAmp DNA Blood Mini Kit according to the method described by the manufacturer (supplied by Kebo Lab, Albertslund, Denmark).
Mutations in the APC gene was detected by direct sequencing of the relevant genomic DNA fragment amplified by the polymerase chain reaction (PCR). For the sequence analysis, the amplification primers designed by Groden et al 4 were used. Direct sequencing of genomic PCR product was performed in an ABI 377 DNA sequencer (Applied Biosystems, Naerum, Denmark) by use of dyeterminator or dye-primer cycle sequencing, according to the manufacturer's manual (Applied Biosystems). Sequence reactions were carried out either on a Vistra DNA labstation 635 or by hand. All results were confirmed by analysis of two independently collected blood samples and were sequenced in both directions.
Haptotyping
Haplotyping was performed using six PCR-based microsatellite markers. The order of loci on chromosome 5q21-22 is: CEN -D5S2084 -D5S659 -D5S82 -APC -D5S346 -D5S2070 -D5S1975 -TEL. 15, 16 The marker sets were spanning 16 cM and D5S346 mapped within 70 kb of the APC gene. 17 Amplification of the CAYN5.64c repeat (D5S82)
was performed with CA primer as described by Breukel et al 18 and TG primer 5'-TGAGGGCCAACGGATTATGA-3'.
PCR was performed in a total reaction volume of 22 ml, using 100 ng of genomic DNA, 0. To identify the mutated allele, the mutation status of at least one child of the proband was determined and by a subsequent haplotyping of these two individuals the mutated and the normal allele of the affected individual were identified. The parental origin was determined by a subsequent haplotyping of one or more parent/sibling.
To verify a new mutation, all available siblings and parents of the proband were haplotyped to find an individual with the mutated allele but without the mutation. If the proband had not reproduced, the new mutation was verified by the finding of both alleles of the proband in siblings or parents without the mutation.
Statistical analysis
The parental ages at the birth of new mutation cases were compared with that expected from the general population in 1950 (the median birth year of the patients). The expected maternal age at birth were calculated using 5 year fertility rates. 19, 20 The expected paternal age is assessed by adding 3.5 years to the maternal age at birth, since Danish women in average were 3.8 years younger than their spouses. 21 The 95% confidence interval is calculated using two sided t distribution. The parental origin of de novo mutations was analysed calculating one-tailed 95% significance test, using exact binomial probability. The expected parental biases were set at 10 : 1, because the secondary spermatocyte at reproductive age has undergone at least 10 times the number of mitotic divisions of a woman (see Discussion).
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Results
Parental origin
To confirm that apparent new mutations in fact were new mutations, DNA samples were collected from all accessible members from 26 families in whom a new mutation seemed likely, evaluated from the pedigree. In nine of these families DNA was not available from siblings or parents of the affected individual and the new mutation status could not be verified. Direct sequencing and haplotyping of the remaining 17 families confirmed the new mutation in 15 families. Two families exhibited a mutual founder mutation (Figures 1 and 2) . In six families both parents were available and the de novo mutation was determined by direct sequencing alone. Haplotyping was performed to exclude nonpaternity. In the remaining nine families only one parent was available for testing, and the new mutation was confirmed by subsequent sequencing and haplotyping of one or several siblings and children.
By haplotyping we were able to determine the parental origin of the de novo APC germline mutation in 10 families. Six families were found with a maternal origin and four families with paternal origin (Figure 2 ). This distribution differs significantly from a paternal bias of 10 : 1 (P50.001), and is in agreement with a 1 : 1 distribution.
Parental age
Parents to the 10 new mutations with identified parental origin had a mean age at the child's birth of 27.1 years (ci +3.6); father's age: 27.5 (ci +5.9) and mother's age: 26.8 (ci +6.3). If the five families with de novo mutations but without an identified parent of origin were included the mean paternal and maternal ages at child's birth were 28.4 (ci +2.7) and 27.0 (ci +3.4) years, respectively. These ages are not significantly different from the expected of 31.0 and 27.5 years.
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Mutations
The 15 proven new mutations were mainly four or five base pair deletions, or non-sense mutations and do not differ from what would be expected from the literature when considering all germline APC mutations (Table 1) .
We searched the APC database (http://perso.curie.fr/thierry.soussi/APC.html) and the Human Gene Mutation Database 22 and found that four of the mutations had not previously been published. These novel APC variants consisted of two one base deletions in codon 771 and 1219 respectively, and in one family we found an insertion of CC in codon 881. As shown in Table 1 , the mutation is a duplication of the wildtype CC. The last novel mutation is a 4 bp deletion in the context of a 3 bp repeat (codon 1160 -1161). All four mutations resulted in a frameshift and introduced downstream stopcodons (Table 1) .
Discussion
Several studies of other dominantly inherited disorders have shown a paternal bias for point mutations 10 -13 and a maternal bias for larger structural changes. 23, 24 Since families in this study have only small mutations (similar to point mutations) a marked paternal bias was expected, but there was no evidence of a bias for a paternal origin of de novo APC gene mutations and no parental age effect was identified. The sample size of 10 gave a 78% probability of detecting a maternal/paternal ratio of 1 : 10. Paternal bias has been described as caused by the differences between spermatogenesis and oogenesis. A secondary oocyte will have undergone 24 mitotic divisions regardless of the woman's age, whereas a secondary spermatocyte in a man at age 28 years will have undergone approximately 335 mitotic divisions with the number rising every year. 25 If the germline mutations arose during these premeiotic mitotic divisions one would expect a marked bias for a paternal origin and a striking parental age effect as seen in disorders like Apert syndrome 12 and multiple endocrine neoplasia type 2B. 10 Paternal bias is frequently observed but the parental origin of different genetic disorders is complex and the present results resembles those found in von Hippel-Lindau disease. 14 The failure to observe an underlying paternal bias among FAP patients could be explained by a selective disadvantage of the mutated male germ cell or by maternal imprinting. RNA assays have, however, shown both APC alleles to be transcribed, 26 which makes imprinting unlikely and selective disadvantage of germ cells with a point mutation, has to our knowledge never been described. We therefore find it most likely that the observed proportion reflects the true proportion in formation of de novo APC germline mutations. Another remarkable feature of APC germline mutations is the clear distinction (especially in location) from somatic APC mutations as observed in the APC mutation database (http://perso.curie.fr/thierry.soussi/APC.html) and from a review of the literature, 27 for instance 485% of somatic mutations are clustered between codons 1280 and 1500 compared to only 29% of germline mutations in this region. Up till now this difference has been assigned a difference in selection of germline vs somatic APC mutations. A difference could also arise due to a pronounced founding effect. However, about 80% of FAP families have their own unique germline mutation -and in the remaining cases of hot spot mutations a founder effect has not been described. It is therefore to be assumed that the difference between germline mutations and somatic mutations is not due to any founding bias.
Taken together the present results and the difference between germline and somatic mutations indicate that the APC germline mutations arise during the meiotic division since both the male gamete and the female gamete undergoes this division only once giving unity in parental
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along homologous chromosomes as they synapse and progress through prophase of meiosis I in spermatocytes as well as in oocytes. The data were consistent with a role for pol b in both semiconservative DNA synthesis and in repair synthesis during early stages of meiosis. 28 Whereas the polymerase a (among others) is believed to participate in replication of genomic DNA at mitosispol b does not seem to play a direct role in this process (review in 29 ) . Several studies have shown that the error rate during DNA synthesis is non-random. The error rate is sequence dependent and dependent of the DNA polymerase, that is pol a and pol b has different fidelity and they have different mutation hot spots. 30, 31 This could explain the different locations of somatic mutations and germline mutations -somatic mutations arising during the mitotic replication by pol a and the germline mutations arising during meiosis by pol b. An APC mutational mosaic resembles a de novo APC mutation by mutation screening and pedigree analysis. However, in mosaic individuals only a fraction of the blood leukocytes contain the APC mutation, implying that the new mutation has emerged postmeiotic after at least some mitotic divisions in the embryo. According to the proposed model, APC mutational mosaic cannot arise by the same mechanism as the true de novo mutations, but rather by the same mitotic mechanism as somatic APC mutations. Farrington and Dunlop 32 have identified two individuals being APC mutational mosaics, one being a non-sense mutation (APC 4192G?T). A literature search revealed at least four colorectal tumours harbouring the same somatic APC mutation 33, 34 and only one family with this mutation as a germline mutation. 35 No somatic nor germline reports The results raise the questions why the APC gene is susceptible to genetic changes during the meiosis when most other examined genes are apparently not. And moreover, why the APC gene may not be susceptible to mitotic changes prior to meiosis. Additional knowledge of the meiotic process and the impact of gene structure may clear this out.
To our knowledge this is the first analysis of de novo APC germline mutations. The parental origin of the mutations showed a surprising lack of bias towards paternal origin. We have presented a model of mutation formation explaining this difference. The model is in concordance with the known difference between germline and somatic APC mutations. In addition the results supports a former reported APC new mutation rate.
